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Abstract: In this paper, we have investigated the use of a re-scanning strategy to prevent 
propagation of macro-cracks during the selective laser melting of an Al85Ni5Y6Co2Fe2 bulk 
metallic glass composites (BMGCs). These cracks form as a result of the high residual stress 
caused by the rapid heating and cooling of the material by the laser beam. Unlike crystalline 
materials, the BMGCs possess a supercooled liquid region in which the residual stress can be 
relieved by plastic flow. We show that by using a high power initial scan (designed to melt 
the material) followed by a lower power re-scan (for stress relief) cracking can be prevented. 
Using this approach, crack-free Al85Ni5Y6Co2Fe2 BMGCs components have been fabricated, 
including a gear with a diameter ~ 25 mm and height ~ 10 mm. 
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1. Introduction 
Bulk metallic glass composites (BMGCs) have attracted increasing attention in recent years 
due to potentially improved properties (e.g. strength and ductility) and higher freedom of 
microstructural tailoring compared to their bulk metallic glasses (BMGs) counterparts [1-3]. 
To obtain BMGCs, two approaches are generally adopted. The first approach is in-situ 
formation of secondary phases by controlling the cooling rate during the required rapid 
cooling or subsequent heat treatment [4, 5]. Such control is very difficult when fabricating 
large-size BMGCs due to the inevitable temperature gradient that will occur within the part 
during rapid-quenching. The second approach is ex-situ introduction of some secondary 
phases into the amorphous matrix [6, 7]. This is normally achieved through powder 
metallurgy techniques (e.g. hot pressing and spark plasma sintering), which suffer from 
insufficient densification and require high pressure to lower the sintering temperature [8, 9]. 
More importantly, the fabricated BMGCs components are difficult to post-machine due to 
their high strength and hardness [10] and sometimes the final crystallization products are 
difficult to control [8]. Therefore, irrespective of which approach is taken, the fabrication of 
BMGCs with complex geometries is still challenging.  
Selective laser melting (SLM), an advanced additive manufacturing (AM) process which is a 
powder-based layer-by-layer incremental fabrication technique, is providing the opportunity 
to fabricate BMGCs without any dimensional or geometric constraint [11-13]. Because only 
small volumes of materials are heated and cooled as the laser beam scans across the powder 
surface, the local heating and cooling rates during SLM are very high (103 - 108 K/s) [14], 
which is generally higher than the critical cooling rates cR  of most BMGs [15, 16]. This 
enables the large scale fabricated BMGCs to retain the amorphous nature of the material by 
overcoming the need to simultaneously quenching the entire part. More importantly, the 
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microstructure of the BMGCs component can be easily tailored by controlling the laser 
energy density (e.g. laser power, spot size, scan speed etc.) theoretically at any point in the 
part. However, the high heating and cooling rates experienced during SLM can cause severe 
thermal and residual stresses to occur, arising from the steep temperature gradients, large 
expansions and shrinkages or non-uniform plastic deformation [11]. These stresses can cause 
distortion or delamination of the fabricated parts and have been reported in many materials 
such as Al, Ti, Ni and Fe alloys [11]. The effect of residual stress is worse when it comes to 
BMGs, BMGCs or ceramics due to their intrinsic brittleness. To the knowledge of the authors, 
no one has reported the fabrication of crack-free BMGCs through SLM.  
In this work, SLM was used to fabricate Al85Ni5Y6Co2Fe2 BMGCs without any apparent 
micro- or macro-cracks. The influence of re-scanning on stopping the growth of cracks has 
been investigated. A processing-microstructure-property relationship is proposed, which can 
be used to fabricate of BMGCs free from micro- or macro-cracks. Additionally, we 
succeeded in making a crack-free sample gear with a relatively complex geometry.  
 
2. Experimental details 
The Al85Ni5Y6Co2Fe2 (in at. %) metallic glass (MG) powder used in this work was nitrogen-
atomized after arc melting high-purity elemental pieces Al (>99.9 wt. %), Ni (>99.9 wt. %), 
Y (>99.0 wt. %), Co (>99.9 wt. %) and Fe (>99.0 wt. %) under a Ti-gettered argon 
atmosphere for six times to ensure chemical homogeneity. Then the powder was sieved and 
the particles below 45 µm were used. As a result of the relatively low cooling rate within 
powder particles during gas-atomisation, the powder is partially crystallized and contains face 
centred cubic (fcc) Al crystals and other intermetallics [17]. SLM experiments were 
conducted using a ReaLizer SLM-100 machine (ReaLizer GmbH, Germany) which is 
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equipped with a fibre laser, generating a laser beam with a wavelength of 1060 nm and 
maximum power of 200 W at the part bed. An inert high purity argon gas atmosphere was 
used during the whole experiment to prevent oxidation [18]. The laser scan speed and power 
for the initial scan were 625 mm/s and 200 W, respectively. A laser power of 80 W was used 
for the re-scan at the same scanning speed. The powder layer thickness was fixed at 50 µm, 
the scan spacing was 150 µm and substrate was unheated. Small cubes with dimensions 7 × 7 
× 5 (height) mm were prepared. The amorphous nature and phase formation of the fabricated 
BMGs were examined and characterised using X-ray diffraction (XRD, PANalytical 
Empyrean, D/max III, Cu Kα target, operated at 40 kV and 40 mA with a step size of 0.02 ° 
and scanning speed 2 °/min). Scanning electron microscopy (SEM, Zeiss 1555 VP-FESEM, 
operated at an accelerating voltage of 15 kV and working distance 10 mm) was used to 
investigate the formation and growth of the cracks and the microstructure evolution of the 
BMGCs. Hardness mapping (a 100 × 100 µm area) on single and re-scanned cross-sections 
was obtained using nanoindentation at an indentation load of 2 mN at a rate of 200 µN/s for 
both loading and unloading (Hysitron® Triboindenter) with a Berkovich indenter of a tip 
radius of 100 nm.  
 
3. Results and discussion 
Fig. 1 illustrates the typical resultant thermal stress within each layer of an SLM-processed 
component [19]. Due to the rapid solidification arising from the high cooling rate and the 
constraint from neighbouring solidified material, the currently-scanned powder layer will 
have tensile thermal stress at the bottom and a compressive stress at the top. As the next 
powder layer is scanned, this thermal stress undergoes a series of partial relief and building-
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up process and accumulates layer after layer. This thermal stress is widely-known to cause 
the micro- and macro-cracks within components fabricated using SLM [11]. 
A photo of an Al85Ni5Y6Co2Fe2 BMGC, built using a conventional single scan strategy, is 
shown in Fig. 2a. It can be clearly seen that a macro-crack has formed at the very bottom and 
extends through the middle of the sample. The crack has started from the first solid layer of 
the component rather than in the support and propagates along the building direction (Z-axis), 
as shown by the crack tip in Fig. 2b. This indicates that, unlike ductile materials where the 
support can be used to help withstand the thermal stresses and therefore prevent macro-cracks, 
the same appears not to be true in BMGCs. In this work, the first layer was built by laser 
scanning in X-axis direction, where the maximum thermal stress is expected to be 
perpendicular to the X-axis [19]. Consequently, the macro-crack forms perpendicular to the 
X-axis (Fig. 2a). When the thermal stress exceeds the yield stress of ductile materials, the 
stress can be relieved through plastic deformation. However, if the thermal stress increases 
further such that it exceeds the tensile strength, cracks will initiate and propagate until the 
strength of the layers can withstand the accumulated thermal stress. For intrinsically-brittle 
BMGCs, the thermal stress will cause the formation and propagation of shear bands and 
when the stress exceeds the yield strength, cracking and catastrophic failure will occur (Fig. 
2c) [20]. In order to produce crack-free material, it is therefore necessary to either increase 
the strength of the material or decrease the residual stress. The former is not easy and is 
largely a function of the material. Reducing the residual stress may be possible by reducing 
the amount of incident energy, however this is likely to be at the detriment of the density (and 
therefore strength) of the part.  
Another option may be to undertake in-situ stress relieving within each layer. To test this, a 
dual scanning strategy was used which incorporated a normal high energy scan to produce 
high density, followed immediately by re-scanning using a lower laser energy. The result of 
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this on an Al85Ni5Y6Co2Fe2 BMGCs is shown in Fig. 2d. The first (lower) half of the sample 
(below the arrow in Fig. 2d) was scanned using the normal single scan strategy, after which a 
second, low energy scan was added to each layer. It can be clearly seen that the crack tip 
stops propagating at the layer where this re-scanning is first carried out, as shown in Figs. 2e 
and f.  
It has been reported that the density of some SLM fabricated stainless steel components can 
be improved by re-scanning [21], however the influence of re-scanning on the thermal stress 
within SLM-processed crystalline components is limited (and in some cases detrimental) 
when the same laser energy density is used for both scans [19, 22]. This is has been ascribed 
to the fact that at the same laser energy density level, the heating and cooling rates remain 
almost unchanged and therefore the decrease in temperature gradient is minor, causing 
minimal change in the thermal stress. In fact, the increase in total energy due to the remelting 
of the layer can trigger balling effect [11].   
Using a laser power below that which will remelt the material is unlikely to be effective in 
reducing residual stress in crystalline materials as the residual stress is mainly relieved 
through diffusion and dislocation recovery which includes dislocation annihilation and 
redistribution. This process follows the Zener-Wert-Avrami relation and is a relatively slow 
process [24]. Therefore it is unlikely much reduction in stress will be possible within the 
short interaction time of the re-scan. In contrast, BMGCs possess some superplasticity around 
the supercooled liquid region (SCLR) [23], which begins around the glass transition 
temperature (Tg). In this SCLR, residual stress can be rapidly reduced through viscous flow 
of the material. Since the Tg is lower than the melting point, a lower energy is required to heat 
the material to the SCLR. This in turn reduces the thermal gradient in the material, lowering 
the cooling rate, thus minimising the subsequent thermal stresses that will re-form [24].  
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It is therefore apparent, that a laser power is required that will heat the material to above the 
Tg, but not induce melting. The laser energy is, assuming constant scan speed, proportional to 
the laser power and also the absorption co-efficient. Hence, the temperature rise will also be 
dependent on these two variables. In this work, the scan speed was kept constant, and the 
power was 200 W and 80 W for the initial and re-scan, respectively. Determination of the 
laser absorption co-efficient is not trivial. Due to multiple scattering/absorption events that 
occur in a powder bed, the absorptivity of a powder is significantly greater than for a flat, 
polished plate. For aluminium, the absorptivity of 1.06 µm wavelength laser energy in a 
powder bed has been measured at ~ 30% [25, 26], while the reported value for flat plate is ~ 
5% [27]. However, the absorption co-efficient of flat plate increases with surface roughness 
and can be as much as 3-4 times greater depending on the roughness [28, 29]. Given that the 
initial scanned track will contain significant surface roughness, we estimated that the laser 
absorption coefficient during re-scanning was ~ 20%. Therefore overall, the ratio of the 
initial to re-scan energy density will be approximately 3.7. The initial pass of the laser beam 
is sufficient to induce melting, most likely with significant superheat. Indeed it has been 
shown that processing of Ti-6Al-4V requires a peak melt temperature of at least 300-400°C 
above the melting point [30] and therefore a temperature rise of ~ 900°C is not unexpected. 
Thus, during re-scanning, the temperature rise would be approximately 240°C and since the 
substrate was kept at room temperature, this results in a peak temperature of ~265°C. This 
temperature is above the glass transition temperature of this material [31] facilitating the 
relief of residual stress via plastic flow thereby preventing cracking. 
The scanning strategy has also had an effect on the hardness of the material, as shown in Fig. 
3. This figure shows an inhomogeneous hardness distribution for both single- and re-scanned 
BMGCs, while the BMGCs that have undergone a re-scan exhibit a higher average hardness 
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(~ 1.41 GPa) compared to that for single scan (~ 1.07 GPa). The thermal conditions between 
the two materials are significantly different. In particular, the stress relief provided by the re-
scan is likely to reduce the free volume of the material, which is well known to increase the 
hardness of BMGCs [32]. Fig. 3 also shows that the variation in hardness is greater in the re-
scanned material. The reason for this may be as a result of the Gaussian distribution of the 
laser energy (TEM00, M2 < 1.05) [33], which would mean that the amount of stress relief is 
not constant across the material. This in turn leads to a differing amount of hardness increase 
(due to the aforementioned reduction in free volume) and therefore a greater variation in 
hardness results.  
Since re-scanning results in a lower peak temperature, the subsequent cooling rate will also 
be reduced. This could then result in devitrification of the material. However, provided that 
the temperature does not exceed the crystallisation temperature and the interaction time of re-
scan is short, additional phase formation should not be expected. Indeed, the XRD results 
(obtained from the cross-section of Al85Ni5Y6Co2Fe2 BMGCs using both scanning strategies) 
shown in Fig. 4a are identical, indicating that no new crystalline phases have formed as a 
result of the re-scanning.  
Based on our re-scanning strategy to prevent propagation of crack in BMGCs, an 
Al85Ni5Y6Co2Fe2 BMGCs gear (~ 25 mm diameter, ~ 10 mm height) was fabricated and is 
shown in Fig. 4b. No macro-cracks were observed and the as processed surface finish was 
very good.  
 
4. Conclusions 
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In summary, the influence of a low laser-energy-density re-scan on stopping macro-crack 
propagation in Al85Ni5Y6Co2Fe2 BMGCs during SLM has been investigated. The underlying 
reason for this technique stopping the cracking has been ascribed to: (1) the formation of 
superplasticity during re-scanning where the initial residual stress is rapidly relieved through 
viscous flow; and (2) reduction of thermal stress after re-scanning due to lowered temperature 
gradient (and therefore cooling rate). These both result in a relief and reduction of thermal 
stress which accumulates during SLM, facilitating the fabrication of intrinsically brittle 
BMGCs free from macro-cracks. An example Al85Ni5Y6Co2Fe2 BMGCs gear component has 
been produced without observable macro-cracks.  
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Figure Captions 
Fig. 1 A schematic illustration of the thermal stress and the origin of cracks within each layer 
of an SLM-processed component. Z is the build direction and XY is the horizontal plane, 
parallel to the building platform on which the powder layer was deposited and melted by the 
laser beam. 
Fig. 2 (a) A photo of an Al85Ni5Y6Co2Fe2 BMGC built without re-scanning. SEM images of 
the crack tip in the Y-Z cross-section and cracks in X-Y cross-section are shown in (b) and 
(c), respectively. (d) A photo of an Al85Ni5Y6Co2Fe2 BMGC, built with low laser-energy-
density re-scan during SLM. The blue arrow shows the position where the re-scanning 
strategy started. SEM images of the crack tip in the Y-Z cross-section within the re-scanned 
layer, inhibitory cracks in X-Y cross-section within the re-scanned layer are shown in (e) and 
(f), respectively. Red arrows point to the cracks. 
Fig. 3 Hardness mapping on the X-Y cross-section of the BMGCs components shown in Figs. 
2c and f: (a) without re-scan; (b) with re-scan. 
Fig. 4 (a) XRD patterns of the SLM processed material using single and re-scanning 
strategies. There is no significant difference between the two. (b) A photo of an 
Al85Ni5Y6Co2Fe2 BMGC gear. Inset is the computer aided design (CAD) model used in this 
study for the fabrication of the gear. 
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Highlights: 
• We proposed a re-scan strategy to prevent crack propagation in SLM 
• The re-scan should be carried out at a low laser energy density 
• The underlying mechanism is through reduction and relief of residual stresses  
• Lowered temperature gradient and superplasticity account for reduction of stress 
• For the first time, a crack-free BMGCs gear with a large size was produced  
